Footshock stress can reinstate cocaine-seeking behavior through a central action of the stress-associated neurohormone corticotropinreleasing factor (CRF). Here we report (1) that footshock stress releases CRF in the ventral tegmental area (VTA) of the rat brain, (2) that, in cocaine-experienced but not in cocaine-naive rats, this CRF acquires control over local glutamate release, (3) that CRF-induced glutamate release activates the mesocorticolimbic dopamine system, and (4) that, through this circuitry, footshock stress triggers relapse to drug seeking in cocaine-experienced animals. Thus, a long-lasting cocaine-induced neuroadaptation, presumably at the level of glutamate terminals in the VTA, appears to play an important role in stress-induced relapse to drug use. Similar neuroadaptations may be important for the comorbidity between addiction and other stress-related psychiatric disorders.
Introduction
Stress is one source of provocation to relapse in detoxified addicts (Kosten et al., 1986; Sinha, 2001) . Animal studies suggest that stress reinstates drug seeking through an action of the neurohormone corticotropin-releasing factor (CRF) (Shaham et al., 2000; Sarnyai et al., 2001) . CRF is released by cells of the paraventricular hypothalamic nucleus to activate the hypothalamic-pituitaryadrenal axis (Herman et al., 2003) ; it is also expressed as a presumed cotransmitter in various neurons in the brain (Swanson et al., 1983) . CRF antagonists attenuate footshock-induced reinstatement of either cocaine or heroin seeking (Shaham et al., 1997 Erb et al., 1998) , and CRF injections into the bed nucleus of the stria terminalis (BNST) reinstate cocaine seeking (Erb and Stewart, 1999) . CRF injections into the ventral tegmental area (VTA), another site associated with stress-induced reinstatement of cocaine seeking (McFarland et al., 2004) , stimulate locomotion and the mesocorticolimbic dopamine system (Kalivas et al., 1987) , a system that is also implicated in drug reward (Wise and Bozarth, 1987) and drug-seeking behavior (Stewart, 1984) .
The effects of CRF in the VTA are of particular interest because this neurohormone and several drugs of abuse cause synaptic neuroadaptations in VTA dopamine neurons (Ungless et al., 2001; Saal et al., 2003) . It is well known that stress activates the mesocorticolimbic dopamine system (Thierry et al., 1976; Deutch et al., 1991) , a system implicated broadly in stressassociated psychiatric disorders (Drevets, 2000; Moghaddam, 2002; Sesack et al., 2003) . Repeated stress or repeated exposure to psychomotor stimulants can sensitize the mesocorticolimbic dopamine system to the activating (Antelman et al., 1980; Kalivas and Stewart, 1991) and rewarding (Lett, 1989; Piazza et al., 1990) effects of cocaine and other addictive drugs. Similarly, stress and five addictive drugs (amphetamine, cocaine, morphine, nicotine, and ethanol) sensitize VTA dopamine neurons to glutamatergic input (Saal et al., 2003) , thought to be the major excitatory input to these neurons. Such sensitization can be induced by local application of CRF itself (Ungless et al., 2003) .
We have focused on CRF as a possible link between stress mechanisms and the mesocorticolimbic dopamine system. We used in vivo microdialysis to assess the effects of footshock stress on cocaine seeking and on VTA levels of three neurotransmitters: CRF, glutamate, and dopamine. CRF in this region was of interest because of reports of CRF-immunoreactive varicose fibers in this region (Swanson et al., 1983) and because VTA dopamine neurons express CRF receptors (Van Pett et al., 2000) . Glutamate input was of interest because of the sensitivity of glutamatergic transmission to stress and cocaine (Saal et al., 2003) . Dopamine was of interest because glutamatergic activation of VTA dopamine neurons (Legault et al., 2000) is accompanied by dendritic dopamine release (Legault and Wise, 1999 ). Here we report that footshock stress causes VTA release of CRF in both cocaine-naive and cocaine-experienced rats and that CRF in the VTA of cocaine experienced but not cocaine-naive rats causes glutamate release, dopamine release, and reinstatement of cocaine-seeking behavior.
Materials and Methods

Subjects
Male Long-Evans rats (Charles River, Raleigh, NC), weighing 350 -400 g at the time of the surgery, were used. They were housed individually under a reverse light/dark cycle (light on at 8:00 P.M.) with ad libitum access to food and water. The guidelines of the National Institutes of Health (publication 86-23, 1996) were followed, and all procedures were approved by the local Animal Care and Use Committee.
Surgery
The rats were implanted, under a mixture of pentobarbital (30 mg/kg, i.p.) and chloral hydrate (140 mg/kg, i.p.) anesthesia, with intravenous catheters and unilateral or bilateral guide cannulas for microdialysis probes (CMA/Microdialysis, North Chelmsford, MA). The coordinates for VTA guide cannulas were as follows: 5.6 mm posterior to bregma, 2.2 mm lateral at an angle of 12°toward the midline, and 6.7 mm ventral to the skull surface; the coordinates for substantia nigra (SN) guide cannulas were 1.2 mm lateral to those of the VTA. The cannulas were anchored to the skull with stainless-steel screws and dental cement. In each animal, an intravenous SILASTIC catheter (Dow Corning, Midland, MI) was inserted into the right external jugular vein. The catheter was inserted to just penetrate the right atrium and was secured to the vein with silk suture. The end of the catheter was fed subcutaneously around the back of the neck to exit at the back of the skull, where it was seated on a 22-gauge stainless-steel cannula (Plastics One, Roanoke, VA) that was fixed to the head assembly with dental cement. Each rat was given a prophylactic subcutaneous injection of 0.25 ml of 2.27% enrolfloxacine (Baytril) daily for 3 d. The catheters were flushed daily with 0.05 ml of gentomicin (4 mg/ml in sterile saline) and 0.05 ml of heparinized saline (30 U/ml in sterile saline) before testing.
Self-administration training
After recovery from surgery, each rat's catheter was connected by polyethylene tubing through a fluid swivel to a syringe in a microprocessorcontrolled syringe pump (Razel Scientific Instruments, Stamford, CT). The polyethylene tubing was protected by a metal spring. The animal was placed in an operant chamber equipped with two levers, one fixed and one retractable, 9 cm above the chamber floor. Each rat was trained to press the retractable ("active") lever for intravenous cocaine (1 mg/kg per injection, delivered in a volume of 0.13 ml over 4.5 s) on a fixed ratio-1 schedule of reinforcement; a white cue light above the lever was lighted for the duration of each injection. A timeout period of 20 s in which additional lever pressing was ineffective followed each drug injection. Extinction trials or a microdialysis experiment followed a minimum of 10 d of stable responding in daily 4 h sessions. The mean active and inactive lever presses and the injections in the last three sessions of selfadministration training were 37.8 Ϯ 5.2, 5.4 Ϯ 2.9, and 32.2 Ϯ 3.4, respectively (n ϭ 87).
Three groups of rats (n ϭ 7-22 per group) that received saline selfadministration opportunity rather than cocaine self-administration opportunity in the training phase were either used in the assigned experiments or subsequently given similar exposure to the extinction regimen and served as cocaine-naive controls in the reinstatement testing. The mean active and inactive lever presses and the injections in these rats in the last three sessions of saline self-administration were 4.9 Ϯ 1.4, 5.2 Ϯ 0.9, and 2.92 Ϯ 0.7, respectively.
Extinction sessions
Immediately after the completion of cocaine self-administration training, five groups of rats (n ϭ 6 -13 per group) were subjected to extinction sessions in which saline (0.13 ml/injection) was substituted for cocaine. Extinction sessions were continued until active-lever response counts decreased to fewer than four responses per hour (16 responses per 4 h session), the baseline level of responding seen in control animals that were not trained with cocaine reinforcement (see Fig. 1 A) . This criterion was reached in 14 -25 sessions after the start of saline substitution.
Cocaine withdrawal
Three groups underwent microdialysis without being subjected to extinction training. One group (n ϭ 7) was tested 24 h after the last selfadministration session and was designated the 1-d-withdrawal group. The other two groups were returned to their home cages after completion of the cocaine self-administration training and remained there for 6 -7 d (n ϭ 8) or 21-23 d (n ϭ 7) before the microdialysis system was connected. These two groups were defined as the 7-and 21-d-withdrawal groups, respectively.
Footshock-induced reinstatement and transmitter release
Five sets of footshock experiments were conducted after the completion of the extinction sessions.
Experiment 1: effects of footshock on reinstatement and VTA CRF release. After completion of the extinction phase, we used one group of cocaineexperienced and one group of cocaine-naive rats (n ϭ 7 each) to determine the effect of footshock on lever pressing and on VTA CRF levels. Another group of cocaine-naive rats (n ϭ 7) was used to test the effect of the sodium channel blocker tetrodotoxin (TTX) on footshock-induced release of CRF in the VTA. Blockers were removed from the guide cannulas, and bilateral VTA microdialysis probes (CMA/12 14/02; CMA/ Microdialysis) were inserted through the guide cannulas and fixed in position. The microdialysis probes were then connected to the microdialysis pump (CMA/100) through the two channels of a three-channel swivel (Scipro, Sanborn, NY) with fluorinated ethylenepropylene tubing. The remaining channel was used to connect the intravenous catheter to its injection pump. Each rat was placed in its testing box and infused with artificial CSF (aCSF) (in mM: 148 NaCl, 2.7 KCl, 1.2 CaCl 2 , and 0.8 MgCl 2 , pH 7.4) at a flow rate of 0.4 l/min overnight with ad libitum access to food and water. On the following day, the perfusion medium was replaced with aCSF containing 0.2% of bovine albumin serum (BSA) (Sigma, St. Louis, MO), and the flow rate was increased to 2 l/min. After a 30 min equilibration period and the subsequent collection of five 25 min baseline samples, each animal was given a 20 min series of inescapable and unpredictable 0.5 s footshocks (Shaham and Stewart, 1995) . Shock intensity was adjusted, for each animal, to a level below the threshold for freezing behaviors (0.3-0.6 mA), the night before reinstatement testing. During reinstatement testing, it was administered at random 40 Ϯ 30 s intervals.
A microdialysis sample was collected at the end of each footshock series, and then reinstatement testing was initiated. The active lever was introduced to the chamber, and the house light was illuminated. The consequences of lever pressing during the reinstatement test were the same as during extinction. We recorded both active and inactive lever presses as well as number of saline injections for a period of 2 h. Six 25 min postshock microdialysis samples were collected. In rats with TTX perfusion, the drug was included in the perfusion medium at a concentration of 0.1 M throughout the dialysis period. Samples from one side (left) were used to measure CRF levels by radioimmunoassay.
Experiment 2: effects of footshock on reinstatement and VTA glutamate and dopamine release. One group of cocaine-experienced and one group of cocaine-naive rats (n ϭ 7 each) were used. The experimental design was the same as in experiment 1, except that the microdialysis probes were perfused with aCSF throughout the experiment and 20 min microdialysis samples were collected. Active and inactive lever presses and the number of earned saline infusions were recorded for a period of 2 h. Six 20 min postshock samples were collected before the end of the experiments. Samples from the left and right VTA were used for HPLC analysis of glutamate and dopamine, respectively.
Experiment 3: effects of VTA perfusion of a CRF antagonist on footshockinduced reinstatement and VTA levels of glutamate and dopamine. The effect of VTA CRF on footshock-induced reinstatement and VTA glutamate and dopamine release were assessed with bilateral VTA perfusion of the CRF antagonist ␣-helical CRF (1 M) or aCSF. We tested each animal twice in each of two conditions: one in which footshock was given and one in which the shock was withheld. The two conditions were tested in each of 2 consecutive days; order of conditions was counterbalanced. The two tests each day were separated by at least 2 h, during which time aCSF was perfused through the probes. The footshock parameters were as described previously. The no-shock condition was the same as the shock condition, except that the wires from the shock generator were not connected to the test box. When ␣-helical CRF was perfused, it was included in the perfusion medium 20 min before the microdialysis baseline collection and maintained until the reinstatement test was completed. We collected microdialysis samples at 20 min intervals until the end of the reinstatement test. We recorded lever presses for each lever as well as the number of saline infusions earned in a 2 h test period. The collected samples from the left and right VTA were used for HPLC analysis of glutamate and dopamine, respectively.
Experiment 4: effects of SN perfusion of a CRF antagonist on footshock-induced reinstatement and SN levels of glutamate. Two groups of animals with bilateral SN microdialysis cannulas (n ϭ 6 each) were used to test the effect of VTA ␣-helical CRF (1 and 10 M) on footshockinduced reinstatement and SN glutamate release. The test procedures were the same as in experiment 3.
Experiment 5: effects of VTA perfusion of a glutamate antagonist on footshock-induced reinstatement and VTA levels of glutamate and dopamine. The effects of VTA perfusion of the ionotropic glutamate antagonist kynurenic acid (Kyn) were tested in a similar manner. Kyn (1 mM) or aCSF was perfused in footshock or noshock conditions. Each condition was tested twice with 20 min of footshock and twice with no shock preceding the test. Details were the same as in experiment 3.
Effects of VTA CRF perfusion on local glutamate release
The effects of VTA infusion of CRF were assessed on behavior and neurotransmitter release in three experiments.
Experiment 1: effects of VTA CRF on local glutamate release in cocainenaive and cocaine-experienced rats. Glutamate responses to VTA CRF were determined in one group of animals previously trained to selfadminister cocaine and in one group similarly experienced but "rewarded" with saline rather than cocaine infusions during the training phase (n ϭ 7 each). The animals were connected to the microdialysis systems immediately after the completion of the cocaine or saline selfadministration training, and the probes were perfused with aCSF at a flow rate of 0.4 l/min overnight, as described previously. On the next day, we increased the flow rate to 2 l/min. After a 30 min equilibration period and subsequent collections of five 20 min baseline samples, CRF (10 M) was added to the perfusion medium for 40 min. We terminated microdialysis after collecting seven post-CRF samples. Glutamate levels in the collected samples were analyzed by HPLC.
Experiment 2: effects of VTA CRF on local glutamate release in rats after various cocaine withdrawal periods. We assessed the effect of VTA infusions of CRF on local glutamate release in two additional groups 7 d (n ϭ 7) or 21 d (n ϭ 8) after the last cocaine self-administration training session. On the day before the completion of the assigned withdrawal period, the rats were connected to the microdialysis systems for testing as described above.
Experiment 3: effects of VTA perfusion of a CRF antagonist or a sodium channel blocker on CRF-induced VTA glutamate release in cocaineexperienced rats. Two groups were used (n ϭ 7 each). After the last selfadministration training session, the rats were connected to the microdialysis systems as described previously. On the next day, baseline samples were collected, and then ␣-helical CRF (1 M) was added to the perfusion medium of one group and TTX (0.1 M) was added to the perfusion medium of the other. Forty or 60 min later, respectively, CRF (10 M) was introduced to the perfusion medium. CRF was kept in the medium for 40 min; the ␣-helical CRF or TTX was kept in the perfusion medium until the end of the experiment. Twenty minute samples were collected, and glutamate levels were analyzed by HPLC.
Effects of VTA CRF perfusion on reinstatement
Two experiments dealt with the effects of CRF on reinstatement of cocaine seeking.
Experiment 1: effects of VTA perfusion of a CRF antagonist on VTA CRF-induced reinstatement. After reaching the extinction criterion, one group of rats (n ϭ 6) was connected to the microdialysis systems and perfused overnight as described previously. On the next day, the microdialysis flow rate was increased to 2 l/min and the VTA was perfused with aCSF for 100 min before changing to drug treatments. After this equilibration period, the VTA perfusion was either continued for 3 more hours with aCSF (vehicle) or with CRF (10 M), ␣-helical CRF (1 M), or CRF plus ␣-helical CRF. We began tests for reinstatement during the last 2 h of each test session (20 min into the second perfusion period). We tested each animal under each of the four conditions, in counterbalanced order, two conditions per day, on consecutive days. The two tests of each day were separated by at least 2 h, during which the probe was perfused with aCSF.
Experiment 2: effects of VTA perfusion of a glutamate antagonist on VTA CRF-induced reinstatement. Another group (n ϭ 7) was tested in the same manner, but CRF-induced reinstatement was challenged with Kyn rather than ␣-helical CRF. After reaching the extinction criterion, the rats were connected to the microdialysis system and perfused with aCSF overnight as described previously. On the test day, the VTA was first perfused with aCSF for 100 min. After this equilibration period, perfusion was continued either with aCSF (vehicle) or with CRF (10 M), Kyn (1 mM), or CRF plus Kyn (10 M and 1 mM, respectively) for 3 more Figure 1 . Footshock stress reinstated cocaine seeking (A) and increased extracellular levels of ventral tegmental CRF (B), glutamate (C), and dopamine (D). Footshock stress increased responding on the previously active lever, the lever previously associated with cocaine reinforcement, in rats with a history of cocaine (cocaine-experienced, n ϭ 13) but not in rats with a history of saline (cocaine-naive, n ϭ 7) self-administration. *p Ͻ 0.05, significant difference from all other experimental conditions (A). Footshock increased CRF release in the VTA of both cocaine-experienced and cocaine-naive rats. Footshock selectively increased glutamate and dopamine release in the VTA of rats with a history of cocaine, but not saline, self-administration. Footshockinduced increases in VTA CRF levels were blocked by VTA perfusion of TTX (0.1 M; n ϭ 6 -7). Basal VTA CRF, glutamate, and dopamine levels in cocaine-experienced rats were 0.056 Ϯ 0.018, 2277 Ϯ 659, and 0.4 Ϯ 0.1 and in cocaine-naive rats were 0.055 Ϯ 0.013, 1489 Ϯ 269, and 0.6 Ϯ 0.2 nM, respectively. In rats with TTX perfusion, the drug was included in the perfusion medium throughout the experiment. Basal CRF levels in this group were 0.028 Ϯ 0.004 nM.*p Ͻ 0.05, significant difference from preshock baseline values (B) or from drug-naive values (C, D).
hours. Tests for reinstatement commenced during the last 2 h of each test session, as above.
Biochemical analysis of microdialysis samples
A commercially available radioimmunoassay kit (RK-019-06; Phoenix Pharmaceuticals, Mountain View, CA), with minor modifications, was used to measure CRF levels in microdialysis samples. Briefly, 50 l samples were mixed in 1.5 ml Eppendorf tubes with 50 l of assay buffer used to dissolve the standard and other assay reagents. To balance the chemical components between the standard and assay samples, we added 50 l of CRF microdialysis medium to tubes containing 50 l of standard solutions at various concentrations. We first incubated (20 h) the samples and standards with 100 l of 125 I-CRF. Then we added the diluted CRF antibody and shook the tubes with a vortex shaker. We incubated at 4°C for another 20 h before separating the antibody-bound and antibody-free labeled CRF. Samples without CRF antibody (nonspecific binding) or CRF (total binding) and containing only 100 l of 125 I-CRF [total count (TC)] were also incubated. The antibody-bound 125 I-CRF in all except the TC tubes was incubated for 2 h with 100 l of diluted goat anti-rabbit IgG serum and 100 l of normal rabbit serum and then separated by centrifugation at 10,000 ϫ g and subsequent aspiration of supernatant from the tubes. The test tubes were then loaded on a fivechannel gamma counter (PerkinElmer Life Sciences, Boston, MA), and the radioactivity in each tube was counted for a period of 5 min. The TC tubes were loaded directly on the gamma counter after incubation. The CRF antibody in the assay kit showed no cross-reaction with urocortin, another stress peptide, or with other peptides such as adrenocorticotropin, Arg 8 -vasopressin, pituitary adenylate cyclase activating polypeptide, and leutinizing hormone-releasing hormone. The detection limit of the kit is 1-2 pg/tube. Glutamate concentrations were determined by HPLC. We used an ESA 582 pump (ESA, Chelmsford, MA), a CMA/260 degasser, a CMA/ 200 refrigerated microsampler, a phase II ODS column (3 m particle size, 3.2 ϫ 100 mm; Bioanalytical Systems, West Lafayette, IN), a CMA/ 280 fluorescence detector, and an ESA model 501 data station. The CMA/ 280 is a fixed-wavelength fluorescence detector operating at a maximal excitation of 330 -365 nm and emission of 440 -530 nm. We performed precolumn derivation of glutamate with an o-phthalaldehyde/mercaptoethanol reagent (in M: 0.4 borate, 0.04 phthalaldehyde, and 0.4 2-mercaptoethanol, pH 10.4). Briefly, 10 l of the reagent was added to and mixed with the samples by the microsampler. After a 60 s reaction period at 6°C in the microsampler, 20 l of the mixture was injected onto the column. The elution of glutamate was achieved with a mobile phase consisting of 0.15 M sodium acetate, 10% methanol, and 1.5% tetrahydrofuran at a flow rate of 0.6 ml/min. After the appearance of the glutamate peak on the chromatogram, an injection of 20 l of 100% methanol was made by the microsampler before the end of the chromatogram to accelerate the elution of the residuals on the column. The detection limit was 0.2 pmol/injection. Dopamine was measured with an HPLC coupled to an ESA Coulochem II Detector (model 5200) with a dual-electrode microdialysis cell and an ESA model 501 data station. Samples were manually injected onto the column (3 m particle size, 3 ϫ 150 mm; Analytical MD-150; ESA). The mobile phase for dopamine separation consisted of 75 mM NaH 2 PO 4 , 1.5 mM N-1-octanesulfonic acid, 10 M EDTA, and 8% acetonitrile, pH 3.0 adjusted with H 3 PO 4 . Dopamine was quantified on both reducing (Ϫ250 mV) and oxidizing (350 mV) electrodes. The limit of detection for dopamine was ϳ5 fmol/injection.
Drugs
Cocaine hydrochloride and the anesthetics used in the surgery were obtained from the pharmacy department within the National Institute on Drug Abuse. CRF (rat/human CRF), ␣-helical CRF (CRF 9 -41), Kyn, BSA, and TTX were purchased from Sigma. Kyn was dissolved first with a small aliquot of 5N NaOH and diluted with aCSF to the final concentration. Other drugs were dissolved directly in saline or aCSF when appropriate. Each drug solution was adjusted to pH 7.4 before use.
Histology
After the completion of the microdialysis experiments, the rats were decapitated under anesthesia, and their brains were removed and fixed in a 10% Formalin solution. After at least 7 d of fixation, the brains were frozen and 50 m coronal sections were taken. Probe placement was determined under low magnification after wetting the tissue to differentiate fibers from cell masses.
Statistical analysis
VTA glutamate and dopamine levels were expressed as the concentrations in the perfusate (means Ϯ SEM). Basal values refer to those obtained before the drug was added into the perfusion medium or before footshock was given. When data were expressed as percentage of baseline values, the mean concentration of the three samples preceding the drug administration was defined as 100%. Data were analyzed with mixed ANOVAs using group or antagonist as the between-subjects factor and time as the within-subjects factor. Significant differences (␣ ϭ 0.05) were followed by Fisher's PLSD tests. When the CRF antagonist ␣-helical CRF (␣-H-CRF; 1 M) was infused via bilateral dialysis probes 20 min before footshock, it attenuated footshock stress-induced reinstatement of responding on the previously active lever (n ϭ 6). Perfusions of ␣-helical CRF attenuated footshock-induced increases in VTA glutamate and dopamine release. Basal glutamate and dopamine levels were 1747 Ϯ 577 and 0.5 Ϯ 0.2 nM, respectively. Perfusions of ␣-helical CRF had no significant effects on the levels of either of the two neurotransmitters. *p Ͻ 0.05, significant difference from the other experimental conditions.
The total responses on the active or inactive levers between the various test conditions in each group of rats were analyzed separately with two-way repeated-measures ANOVA using the within-subjects factors of footshock/ CRF (no shock/vehicle, shock/CRF) and antagonist (vehicle/drug).
Results
Effects of footshock
Footshock reinstated lever pressing and elevated VTA levels of endogenous CRF, glutamate, and dopamine ( Fig. 1 ) in rats that had been previously trained to lever press for intravenous cocaine but that had subsequently extinguished the habit when lever pressing resulted in saline rather than cocaine injections. Footshock caused such animals to return to, and press selectively, a lever that had been previously (but not recently) associated with rewarding cocaine injections (the "active" lever). Footshock did not cause increased pressing of an identical lever that had never been associated with cocaine injections (the "inactive" lever). Footshock had no effect on lever responding in a comparison group of cocaine-naive rats with a history of lever pressing for saline rather than cocaine. This was confirmed by a significant shock ϫ training (cocaine vs saline) interaction for active (F (1,18) ϭ 8.8; p Ͻ 0.01), but not inactive ( p Ͼ 0.1), lever responding. Footshock caused responding on the active lever in the cocaineexperienced rats, and this responding was significantly different from the levels of responding in all other groups and conditions (Fig. 1 A) . Footshock caused equal elevations of VTA CRF in rats that had previously self-administered cocaine and rats that had previously self-administered saline (main effect of time, F (9,108) ϭ 7.3, p Ͻ 0.01 with no time ϫ training interaction). In contrast, footshock elevated glutamate and dopamine levels only in the cocaine-experienced animals (time ϫ training interactions, F (9,108) ϭ 5.0, p Ͻ 0.01 and F (9,99) ϭ 2.9, p Ͻ 0.01, respectively). Footshock did not cause VTA release of CRF when the VTA was infused with a sodium channelblocking concentration of TTX (Fig. 1 B) .
The response-reinstating effect of footshock was significantly attenuated by VTA perfusion (via the dialysis probe) of the CRF antagonist ␣-helical CRF [shock ϫ antagonist interaction for active (F (1,5) ϭ 25.1; p Ͻ 0.01), but not inactive ( p Ͼ 0.1), lever responding] (Fig. 2) , a finding that confirms a local action of CRF. Perfusion of ␣-helical CRF into the adjacent SN had no effect on footshock-induced reinstatement of responding [the effect of shock (F (1,10) ϭ 26.6; p Ͻ 0.01) was significant, but the shock ϫ antagonist interaction ( p Ͼ 0.1) was not] (Fig. 3) . The elevations in VTA glutamate and dopamine were also attenuated by VTA perfusion of ␣-helical CRF, implicating an action at local CRF 1 (Van Pett et al., 2000) or CRF 2 (Ungless et al., 2003) receptors (time ϫ antagonist interactions, F (27, 180) ϭ 3.3, p Ͻ 0.01 and F (27, 180) ϭ 3.5, p Ͻ 0.01, respectively). Footshock did not elevate glutamate levels in the SN ( p Ͼ 0.1) (Fig. 3) .
VTA perfusion of the ionotropic glutamate receptor antagonist kynurenic acid also blocked both reinstatement of lever pressing [shock ϫ antagonist interaction for active (F (1,6) ϭ 8.6; p Ͻ 0.01) but not inactive ( p Ͼ 0.1) lever pressing] and elevation of dopamine levels (time ϫ antagonist interaction, F (27,216) ϭ 5.2; p Ͻ 0.01) (Fig. 4) . VTA perfusion with kynurenic acid had no effect on the ability of footshock to elevate VTA glutamate levels (time ϫ antagonist interaction, p Ͼ 0.1). This finding indicates that CRF acts directly on glutamate terminals or on local nondopamine elements that control glutamate release at the level of the glutamate terminal. The possibility that CRF first acts to release dopamine which then augments glutamate release (Kalivas and Duffy, 1995) at D 1 dopamine receptors on glutamate terminals (Dewar et al., 1997) appears to be ruled out, because footshock did not significantly elevate dopamine levels when glutamate receptors were blocked (time ϫ antagonist interaction, F (27,216) ϭ 5.2; p Ͻ 0.01).
Effects of VTA perfusion of CRF
To explore these possibilities further, we assessed the effects of direct perfusion of exogenous CRF into the VTA. Perfusion of CRF through the VTA dialysis probe of cocaine-trained rats reinstated responding on the previously active but not the previously inactive lever (Fig. 5) . CRF was ineffective when coperfused with the CRF antagonist ␣-helical CRF or with the glutamate antagonist kynurenic acid. Perfusion of aCSF, ␣-helical CRF, or kynurenic acid alone had no significant effect on the behavior. ANOVAs revealed significant CRF ϫ ␣-helical CRF and CRF ϫ kynurenic acid interactions for active (F (1,5) ϭ 23.5, p Ͻ 0.01 and F (1,6) ϭ 42.3, p Ͻ 0.01, respectively), but not inactive ( p values Ͼ0.1), lever responding.
Perfusion of CRF through the dialysis probe also elevated glutamate levels in the VTA of cocaine-experienced, but not cocaine-naive, animals (time ϫ group interaction, F (33,297) ϭ 2.4; Figure 3 . Footshock did not increase glutamate levels in the substantia nigra, and perfusions of ␣-helical CRF into this region had no effect on footshock-induced reinstatement of cocaine seeking. Basal glutamate levels were 1726 Ϯ 430 nM in this region. Perfusions of ␣-helical CRF (A, 1 M; B, 10 M) had no effect on basal glutamate levels (n ϭ 6 per group). *p Ͻ 0.05, significant differences from the other experimental conditions. p Ͻ 0.01) (Fig. 6) . Glutamate was elevated equally in groups tested 1, 7, or 21 d after the last exposure to cocaine. The elevations were blocked by perfusions of the CRF antagonist ␣-helical CRF (time ϫ antagonist interaction, F (11,154) ϭ 3.5; p Ͻ 0.01) and also of sodium channel-blocking concentrations of tetrodotoxin (time ϫ antagonist interaction, F (11,154) ϭ 3.6; p Ͻ 0.01). Again, these findings suggest that CRF first causes local glutamate release, which, in turn, causes dopaminergic activation and associated dendritic dopamine release.
Discussion
Our most important finding is that cocaine experience causes a long-lasting neuroadaptation that gives stress input access to mesolimbic circuitry and that predisposes stressed animals to relapse to cocaine seeking. Although cocaine experience is known to cause a variety of neuroadaptations in drug reward systems (Nestler and Aghajanian, 1997; White and Kalivas, 1998) , most of these neuroadaptations are not permanent (most normalize in 1 week). In the present case, CRF infusions that failed to cause VTA glutamate release in cocaine-naive animals were as effective 3 weeks after cocaine as they were 1 d after cocaine in cocaine-experienced animals. Moreover, our findings implicate a cocaine-induced neuroadaptation in the brain circuitry responsible for initiation of drug seeking, not just for drug reinforcement.
Ours is not the only report of cocaine-induced changes in the glutamatergic response to CRF. One day after cocaine, amphetamine, morphine, nicotine, ethanol, or restraint stress, postsynaptic responses of dopamine neurons to glutamatergic input is augmented in a ventral tegmental slice preparation (Saal et al., 2003) . This takes the form of an increase in the AMPA receptormediated synaptic currents to NMDA receptor-mediated currents in VTA dopamine neurons (Saal et al., 2003) , and this increase is potentiated by CRF (Ungless et al., 2003) . Whereas the change in the AMPA/NMDA receptor-mediated response to glutamate reflects a postsynaptic neuroadaptation influenced by CRF, our findings suggest an additional presynaptic neuroadaptation. Both neuroadaptations suggests important ways that the cocaine-experienced brain differs from the normal brain.
The present studies yielded three findings that clarify the interaction between stress-and reward-associated brain circuitry in the cocaine-experienced animal. First, the microdialysis findings identified the VTA as a stress-associated release site for endogenous CRF. CRF is important not just as a hypothalamic hormone; it is also expressed in cell groups that are widely distributed throughout the brain (Bale and Vale, 2004) . It also acts as a neurotransmitter or neuromodulator in neurons of the central nucleus of the amygdala and the BNST (Swanson et al., 1983) , regions implicated in stress-induced reinstatement of cocaine seeking (Erb et al., 1999; Shaham et al., 2000; Leri et al., 2002; McFarland et al., 2004) . However, although CRF perfusion into the VTA is known to have behavioral effects (Kalivas et al., 1987) , anatomical studies have not yet identified a CRF-containing projection from either of these structures to the VTA.
Second, the actions of CRF in this region are mediated by glutamate (presumably by glutamate that provides excitatory input to the VTA), causing glutamate release in cocaineexperienced but not in cocaine-naive rats. Neuroadaptations in glutamatergic control over VTA dopamine neurons have been postulated to contribute to the increasingly compulsive nature of cocaine use (Wolf, 1998; Nestler, 2001; Kalivas, 2004) . Most cocaine-induced neuroadaptations in the VTA are short-lived, but some are known to last at least 21 d (Kalivas and Duffy, 1998; Lu et al., 2003) , the period over which our animals' glutamate responses remained sensitive to local CRF. Interestingly, both cocaine and forced-swim stress sensitize VTA dopamine neurons to glutamatergic input (Saal et al., 2003) , and cocaine sensitization augments VTA glutamate release (Kalivas and Duffy, 1998) . In addition to previous findings of sensitization of glutamate receptors or within dopamine neurons themselves, our findings suggest sensitization of the local (presynaptic) control of glutamate release and suggest a mechanism by which a stressassociated transmitter can come to influence such release.
Finally, our findings implicate VTA actions of neuronal CRF in stress-induced relapse to drug seeking. Previous studies have suggested the involvement of CRF at two terminal fields of the mesocorticolimbic system: the BNST and the central nucleus of Figure 4 . Bilateral VTA perfusions of an ionotropic glutamate receptor antagonist attenuated stress-induced reinstatement of cocaine seeking and stress-induced release of local dopamine. Basal glutamate and dopamine levels were 2444 Ϯ 681 and 0.4 Ϯ 0.1 nM, respectively. Kyn (1 mM infused via the dialysis probe) attenuated footshock stress-induced reinstatement of responding on the previously active lever (n ϭ 7). *p Ͻ 0.05, significant difference from the other experimental conditions. Kyn attenuated footshock-induced increases in dopamine, but not glutamate, release in the ventral tegmental area. *p Ͻ 0.05, significant difference from the aCSF condition.
the amygdala (Erb and Stewart, 1999; Shaham et al., 2000; Erb et al., 2001) . A VTA site of action for CRF was first suggested from the effects of VTA CRF on locomotion (Kalivas et al., 1987) , a loose correlate of reward. Additional support for this site of action comes from the observation that reversible inactivation of this brain area attenuates stress-induced reinstatement of cocaine seeking (McFarland et al., 2004) . The sequence of VTA CRF release triggering VTA glutamate release and, in turn, dopaminergic activation provides a substrate for such reinstatement. Our hypothesis is that distal elevation of extracellular dopamine levels, an effect shared with cocaine priming, induces the behavior: this hypothesis is suggested by the findings that dopamine antagonists injected into either nucleus accumbens (Xi et al., 2004) or the prefrontal cortex (Capriles et al., 2003; McFarland et al., 2004) block stress-induced reinstatement.
Our interpretation of the present findings rests heavily on the pharmacological challenges that tie our observed actions of stress and CRF to the VTA. First, VTA (but not SN) perfusion of the CRF antagonist ␣-helical CRF blocked or greatly attenuated the ability of either footshock (Fig. 2) or CRF (Figs. 3, 5 ) to reinstate drug seeking or to elevate VTA glutamate or dopamine levels. Perfusions by reverse dialysis should diffuse on the order of 50 m and should thus limit the agent to only a portion of the dopaminergic neurons and their afferents. mRNA for CRF receptors has been localized to many cell groups in the brain (Van Pett et al., 2000) , including cells of the VTA (Sauvage and Steckler, 2001 ). Thus, it seems likely that the effects of footshock and the effects of VTA perfusion of CRF are mediated by CRF receptors within the VTA.
VTA perfusion of the glutamate antagonist kynurenic acid also blocked the ability of footshock (Fig. 4) to reinstate cocaine seeking or to cause dopamine release. Here too, the antagonist was given through the dialysis probe and thus most likely acted within the VTA. The blockade of these effects by kynurenic acid would appear to rule out a direct action of CRF on the dopamine neurons, because the ability of footshock stress to cause dopamine release (indicative of dopaminergic cell firing) was lost when glutamate input to the dopamine cells was blocked. Thus, the possibility that CRF acted on VTA dopamine cells to cause dendritic dopamine release that acts, in turn, on D 1 dopamine receptors on glutamatergic terminals (Kalivas and Duffy, 1995) seems unlikely. Rather, our working hypothesis is that CRF acts directly on glutamate terminals to cause glutamate release. The possibility of CRF receptors on VTA glutamate terminals, however, awaits direct anatomical evidence.
Challenge with the sodium channel blocker TTX, routinely used in electrophysiological and microdialysis studies to block local synaptic transmission, suggests that synaptic release of glutamate, rather than, for example, reversal of the cystineglutamate transporter (Baker et al., 2003) , was responsible for the CRF-induced glutamate elevations. Perfusion of TTX also blocked footshock-induced CRF release. In addition, we infused KCl through the dialysis probe at the end of two of the CRF dialysis experiments; KCl, which induces neurotransmitter release from nerve terminals, elevated CRF levels in these animals (data not shown). These findings suggest that the CRF elevations, like the glutamate elevations, resulted from transmitter release from nerve terminals or varicosities.
Studies to further characterize the local mechanisms underlying the effects of footshock stress and of VTA CRF on behavior and local neurotransmitter release are in progress. Whatever the full mechanism proves to be, our observations to date reveal a brain alteration that is caused by cocaine experience and that sensitizes the mesocorticolimbic dopamine system to stress. That stress can interact with the dopamine system via CRF in the VTA suggests a link between stress mechanisms and drug reward mechanisms that has long been suspected but not, until now, identified. Because abnormal relationships between the mesocorticolimbic dopamine system and the medial prefrontal cortex are of current interest not only in relation to addiction but also in relation to schizophrenia, depression, and other stress-associated disorders (Drevets, 2000; Moghaddam, 2002; Sesack et al., 2003) , these observations may prove to have very broad implications for biological psychiatry. . Intra-VTA perfusions of CRF reinstated cocaine seeking, and this effect was attenuated by receptor antagonists of CRF and glutamate. Perfusions of ␣-helical CRF (␣-H-CRF; 1 M infused via the dialysis probe) attenuated CRF (10 M)-induced reinstatement of responding on the previously active lever (n ϭ 6). Kyn (1 mM infused via the dialysis probe) also attenuated CRF-induced reinstatement of responding on the previously active lever (n ϭ 7). CRF, Kyn, and ␣-helical CRF were added to the perfusion medium 1 h before the tests commenced and kept in the perfusion medium until the end of the reinstatement testing. *p Ͻ 0.05, significant difference from the other experimental conditions. Figure 6 . Intra-VTA perfusions of CRF increased glutamate levels in cocaine-experienced rats but not in drug-naive rats (A); this effect was blocked by ␣-helical CRF (B) and by the sodium channel blocker TTX (C). Perfusion of CRF (10 M) increased glutamate levels in cocaine-experienced rats, whether tested 1, 7, or 21 d after withdrawal from 14 to 18 d of cocaine selfadministration (n ϭ 7-8 per withdrawal day). This effect of CRF was not observed in rats with a history of saline selfadministration (cocaine-naive groups) that were tested 1 d after their last training day (n ϭ 7). Basal glutamate levels in the cocaine-experienced rats were 2493 Ϯ 379, 3438 Ϯ 921, and 2920 Ϯ 547 nM for withdrawal days 1, 7, and 21, respectively. Basal levels in the cocaine-naive rats were 2019 Ϯ 454 nM. *p Ͻ 0.05, significant difference from the cocaine-naive group (Fig. 5A) . Coperfusions of ␣-helical CRF (1 M) or TTX (0.1 M) blocked the CRF-induced glutamate release. *p Ͻ 0.05, significant difference from the ␣-helical CRF plus CRF or the TTX plus CRF groups (B, C), which were tested in the 1-d-withdrawal condition.
